Severe forms of anemia in children in the developing countries may be characterized by different clinical manifestations at particular stages of development. Whether this reflects developmental changes in adaptation to anemia or other mechanisms is not clear. The pattern of adaptation to anemia has been assessed in 110 individuals with hemoglobin (Hb) E ␤-thalassemia, one of the commonest forms of inherited anemia in Asia. It has been found that age and Hb levels are independent variables with respect to erythropoietin response and that there is a decline in the latter at a similar degree of anemia during development. To determine whether this finding is applicable to anemia due to other causes, a similar study has been carried out on 279 children with severe anemia due to Plasmodium falciparum malaria; the results were similar to those in the patients with thalassemia. These observations may have important implications both for the better understanding of the pathophysiology of profound anemia in early life and for its more logical and cost-effective management.
Severe forms of anemia in children in the developing countries may be characterized by different clinical manifestations at particular stages of development. Whether this reflects developmental changes in adaptation to anemia or other mechanisms is not clear. The pattern of adaptation to anemia has been assessed in 110 individuals with hemoglobin (Hb) E ␤-thalassemia, one of the commonest forms of inherited anemia in Asia. It has been found that age and Hb levels are independent variables with respect to erythropoietin response and that there is a decline in the latter at a similar degree of anemia during development. To determine whether this finding is applicable to anemia due to other causes, a similar study has been carried out on 279 children with severe anemia due to Plasmodium falciparum malaria; the results were similar to those in the patients with thalassemia. These observations may have important implications both for the better understanding of the pathophysiology of profound anemia in early life and for its more logical and cost-effective management.
erythropoietin ͉ malaria ͉ thalassemia ͉ hemoglobin T here is increasing evidence that some particularly severe forms of anemia that affect children in the developing countries are characterized by different clinical manifestations at particular stages of development. However, the extent to which this observation reflects fundamental changes in adaptation to anemia or other factors is not clear. Nor have the clinical implications of these developmental changes been determined. They have been particularly well documented in the case of Hb E ␤-thalassemia and the often profound forms of anemia that occur in children with malaria due to infection by P. falciparum.
As a result of the extremely high gene frequencies for both ␤-thalassemia and hemoglobin (Hb) E in many Asian populations, the disease caused by the compound heterozygous inheritance of both genes, Hb E ␤-thalassemia, is the commonest severe form of thalassemia in parts of India, Bangladesh, Myanmar, Thailand, and Indonesia and probably in several other countries in Southeast Asia (1). In Thailand, for example, it is estimated that there are Ϸ3,250 babies born with this condition each year and that there are 100,000 patients in the population; the median survival is Ϸ30 years (2) .
Because the mutation that produces Hb E results in the activation of a cryptic splice site in the ␤-globin gene, it is synthesized at a reduced rate and hence behaves like a mild form of ␤-thalassemia (1, 3) . Hb E ␤ thalassemia has a remarkably variable phenotype, ranging from transfusion-dependent anemia from early in life to a disorder characterized by moderate anemia that is compatible with adequate growth, development, and function (1, 4) . Although some of this phenotypic variability is due to the action of different ␤-thalassemia mutations or modifier genes, much of it remains unexplained (5-7). Recent longitudinal studies of affected children in Sri Lanka have emphasized the remarkable instability of their phenotypes, particularly over the first 10 years of life, during which there was a variable and changing pattern of anemia, erythroid expansion, and associated growth failure. By contrast, the phenotype became more stable later in development, and it was possible to stop blood transfusion in a proportion of older patients, with no deleterious effects on their further development and function (7) .
Malaria currently results in two million deaths each year, many in childhood (8) . The changing pattern of the clinical manifestations of acute Plasmodium falciparum malaria infection during development has been well documented and appears to be similar in many countries in which there is a high frequency of infection. In the early years of life, the main feature is severe anemia, whereas, in older children, the pattern changes; anemia becomes less severe and is replaced by cerebral malaria and other complications. Severe respiratory distress also seems to be commoner in early life (9, 10) .
Here, we have analyzed the response to anemia at different ages in patients with Hb E ␤-thalassemia. The results suggest that age and Hb levels are independent variables in terms of erythropoietin (Epo) response and that there is a decline in the level of the latter at a similar degree of anemia during development. To determine whether these findings are peculiar to this condition or whether they have more general implications,, we carried out a similar study on a group of patients with severe anemia due to P. falciparum malaria. The pattern of response was similar to that observed in Hb E ␤-thalassemia. These observations may have important implications for the management of both these conditions and for other common forms of severe childhood anemia.
Results
Hb E ␤-Thalassemia. The clinical and hematological findings in 110 patients were assessed for at least 2-3 years. The Hb concentrations ranged from 3.1-8.3 g/dl The results of plasma Epo assays, carried out over the period of observation, are shown in Figs. 1 and 2. There was a strong correlation between Epo and Hb level (P ϭ 0.0001) and also a decline in Epo response to anemia with age (P ϭ 0.0001). Multiregression analysis indicated that age and Epo response to anemia are independent variables, with a significantly higher response to a particular Hb level in younger age groups (P ϭ 0.0001) (Fig. 1) . Fig. 2 also shows the relationship of Hb levels to Epo in different age groups. It appears that younger children had higher Epo levels at all degrees of anemia. For example, children Ͻ5 years of age had Ͼ6-fold higher Epo levels compared with children Ͼ10 years of age. In comparison, there was very little difference between age groups of the proportional effect of changes in Hb. For example, Epo levels dropped by 56% for every gram rise in Hb in children Ͻ5 years of age, compared with 62% in children aged Ͼ10 years.
To determine the extent to which the Epo response to anemia was reflected in an increased red cell mass, the level of soluble transferrin receptor (Str) was measured. The overall range was 67-581 nmol/liter (normal ϭ 10-30 nmol/liter). There was a significant positive association between the level of Epo and Str (P ϭ 0.006; coefficient 0.0025 95% CI 0.001-0.004). Multiple regression analysis comparing serum Epo (log transformed) against Str adjusted for age and Hb level also indicated a significant positive correlation between serum Epo and Str (P ϭ 0.012; coefficient 0.0016 95% CI 0.0004-0.0029).
To determine whether the increase in red cell mass was reflected by the rate of enlargement of the spleen in patients aged 15 years or less, multiple measurements of the spleen tip, in centimeters, below the left costal margin were made by the same observer at least three times each year. In those in the mild class, the mean increase in size was 0.05 cm/month, whereas, in the more severely affected group, it was 0.28 cm/month. The mean Hb values in the mild and severe groups were 6.2 and 5.3 g/dl, respectively. Multiple regression analysis adjusted for Hb and age and allowing for multiple measurements from each individual, indicated that the severe cases had an Epo level of Ϸ2.8-fold greater than the mild group (95% CI 1.5-5.2; P ϭ 0.003). Further comparison of the two groups suggested that the severe cases had similar Epo responses to the entire cohort, whereas the mild group's response was lower than predicted.
Because patients with Hb E ␤-thalassemia have elevated levels of Hb F, and because the differences in oxygen affinity between Hb A and Hb F might affect Epo responses, the levels of Hb F were determined by HPLC analysis. The range was 6-60% (mean 28.4%, SD 10.4) or 0.4-3.5 g/dl (mean 1.72, SD 0.8).
There was no significant difference between the range or means of Hb F with increasing age; in 32 patients in the 1-to 10-yr range, the mean level of Hb F was 28.0% (1.5 g/dl), in the 10-to 20-yr range, 26.4% (1.5 g/dl), and in the 20-to 30-yr range, 29.1% (1.8 g/dl).
During the course of the study, the thalassemic patients underwent regular analysis of their serum ferritin levels to monitor their body iron burdens. There was no relationship between the Epo and plasma ferritin levels. In three patients who were receiving deferoxamine therapy to reduce their body iron burdens, serial Epo estimations before and for 3 days after administration of deferoxamine showed no significant change in Epo level.
Malaria. Of the 279 children with malaria, 126 had severe malarial anemia (SMA) as defined by WHO, that is, a Hb level of Ͻ5 g/dl, 68 had coma, reflecting cerebral malaria, and 8 had both SMA and coma.
The Hb concentrations for the entire group ranged from 1.1-16.6 g/dl and the plasma Epo concentrations from 1-19,600 mIU/ml. There was a strong correlation between plasma Epo concentration and age (P Ͻ 0.001) and Hb level (P Ͻ 0.001). Multiple-regression analysis indicated that age and Hb level were independent variables with respect to Epo concentration, as in the case of the thalassemic children, suggesting a decline in Epo response to a particular degree of anemia during development (Figs. 3 and 4) . Fig. 4 shows the relationship between Epo and Hb level in three different age groups. As in the thalassemic children, younger children tended to have higher Epo levels at all degrees of anemia. For example, children Ͻ2.5 years of age had an Ϸ2-fold increase in Epo compared with children Ͼ5 years of age, whereas there was no difference in the effect of changes in Hb level between different ages.
The Epo levels in the different classes of severe manifestations of malaria are summarized in Table 1 . The 68 children with cerebral malaria were significantly older than those with SMA, and their Hb levels were significantly higher, and their Epo levels lower, than those with SMA alone. Linear regression analysis showed a significant correlation between the plasma Epo concentration and the duration of the illness (P ϭ 0.003), the coma score (P ϭ 0.001), and the serum creatinine level (P ϭ 0.002). There was no correlation between the level of Epo and the degree of parasitemia (P ϭ 0.21), serum lactate (P ϭ 0.13), or serum bicarbonate (P ϭ 0.91).
Because previous studies have shown a high frequency of ␣-thalassemia in these children (11), the Epo response was compared between normal children and those with different ␣-thalassemia genotypes. No significant correlations were observed.
Discussion
This study suggests that, despite completely different underlying causal mechanisms, two common forms of profound anemia affecting patients in the developing countries are associated with similar age-related adaptive changes with respect to Epo response. In each case, both age and Hb levels were independent variables, indicating a reduced Epo response for a particular Hb level at different ages. The effect of age on Epo appears to be independent of the degree of anemia in both cohorts, suggesting that age has a direct effect on the background level of Epo production.
There have been two previous reports of Epo responses to anemia in Hb E ␤-thalassemia (12, 13); in one, there appeared to be a difference in the overall pattern of response between children and adults, although this did not reach statistical significance (13) . In a study of Epo response in patients with sickle cell anemia, 10 adults seemed to show a lower Epo response at approximately the same Hb level as those of children at the same level (14) . Although there have been no extensive studies of Epo response at different age groups in patients with profound anemia of the same etiology, particularly early in life, longitudinal analysis of individuals with milder forms of anemia due to different causes have given inconsistent results; in some cases there seems to have been some blunting of response in older patients (15) , whereas, in others, the response appeared to be similar across the age range (16, 17) .
Of course, it is still possible that the varying Epo response with respect to age in patients with Hb E ␤-thalassemia could be a reflection of this particular disease, although the finding of a similar response in the malaria cohort makes this much less likely. Furthermore, no factors that might blunt Epo response with increasing age in this condition have been identified so far. There was no significant change in the level of Hb F with increasing age in these patients. Furthermore, previous studies of patients with ␤-thalassemia have concluded that Hb F exerts an independent regulatory effect on Epo production and erythropoiesis that is detectable only when Hb F levels exceed 40% (18), a level that was achieved by very few patients in this study. Although transient increases in Epo levels have been described after the administration of deferoxamine, an iron chelator, to normal people, indicating a role for iron in the regulation of Epo response (19) , there was no relationship between the serum ferritin levels and Epo response in this study, and no changes in Epo levels were observed after the administration of deferoxamine to these patients. There is no evidence of progressive renal insufficiency in patients with Hb E ␤-thalassemia; in any case, this would be a very unlikely cause for the variations in Epo response that were seen in the younger age groups.
The change in phenotype of severe malaria in this study, in which SMA was commoner in the very young children and replaced later by a higher frequency of cerebral malaria, is similar to that reported in Africa and other malarious areas (9, 10) . The pathogenesis of the anemia of malaria is complex and multifactorial (20) . The reason why SMA occurs more commonly very early in life is still not clear, although it has been suggested that one factor may be the inability of very young children to maintain IL-10 production in response to an inflammatory process (21) . Although one report suggested a suboptimal Epo response to the anemia of malaria, it did not include studies of patients under the age of 15 years (22); other studies, that included children, have described an adequate response (23) . In this study, there was an extremely high response, comparable with that in the children with thalassemia. A highly significant decline in Epo production related to age and independent of Hb level was clearly defined during the first 13 years of life. Maximum Epo response occurred very early and at a time when cerebral malaria was uncommon; there was a highly significant difference in Epo levels between those with SMA and coma, presumably, at least in part, reflecting the higher Hb levels in the latter.
Currently, very little is known about potential cellular mechanisms for age-related response to hypoxia. Interestingly, in in vitro studies age-related impaired angiogenesis has been related to decreased levels of vascular endothelial growth factor (VEGF) and to reduction in hypoxia-induced VEGF expression and HIF-1 activity, a major factor in Epo response to hypoxia (24) .
These developmental changes in Epo responsiveness to severe anemia, if confirmed, may have important implications, at least for the clinical management of the two extremely common forms of anemia described in this study. The very high Epo response in early childhood and its decline with age in the case of Hb E ␤-thalassemia may be in part responsible for some of the phenotypic instability seen in this disorder during the early years of life (7) . The lower level of Epo response compared with the entire cohort in the group of children with mild phenotypes is of particular interest in this respect. Although some genetic modifiers that reduce the severity of the phenotype in these children have been identified (6, 7) , in many cases, the reason for the milder course of the disease is not clear. The possibility that this could be related to inherent differences in Epo response remains to be determined.
High levels of Epo production in thalassemia are an adaptive response to severe anemia and, hence, result in considerable expansion of the erythroid mass (25) , as reflected by the Str data and rates of increase of the spleen size in this study. Because there is a major degree of ineffective erythropoiesis in all severe forms of ␤-thalassemia, the effect of extremely high levels of Epo on increasing the Hb level are limited, whereas at the same time they are responsible for many of the distressing complications of the disease, including increasing hepatosplenomegaly and bone deformity (1) . If the Epo response at a particular Hb level is declining with age, the drive to erythroid expansion will also diminish. Hence, if the magnitude of the Epo response can be suppressed by transfusion during early life at times of maximum production, these complications might be avoided. It follows that it should be possible to stop transfusion, at least in a significant number of patients, at a time when the Epo response is reduced, certainly in conditions like Hb E ␤-thalassemia, in which the base-line Hb level is consistent with adequate function. Indeed, in the patients described in this study it was possible to stop transfusion in 37 patients aged between 9 and 50 years without any deleterious effect (7) . A program of transient transfusion of this type would save badly needed resources in the developing countries in which this disease is so common.
The high frequency of SMA and the particularly high Epo responses in very early life may also have clinical implications for an understanding of the pathophysiology of severe malaria in early childhood and also the potential for different approaches to therapy. In view of recent evidence that Epo crosses the blood/brain barrier and protects against experimental brain injury and acts in other tissues as a tissue-protective cytokine (26, 27) , the low frequency of brain damage and associated cerebral malaria in very young children at times of maximal Epo response is of considerable interest. A recent report has described how the administration of recombinant human Epo prevented death of mice with cerebral malaria due to P. berghei infection (28) . Clearly, the potential neuroprotective effect of the extremely high levels of Epo produced in response to malaria in very young children requires further study.
Patients and Methods
Hb E ␤-Thalassemia. The study group comprised 110 patients with Hb E ␤-thalassemia who were attending the National Thalassaemia Centre, Kurunegala, Sri Lanka. Their ages ranged from 1 to 54 years; 74 were Ͻ20 years old. The criteria by which they were divided into mild and severe classes included a linear quality-of-life scale, height, weight, growth velocity, skeletal development, spleen size, and Hb level and are described elsewhere (7) . In addition to a remarkable degree of clinical heterogeneity at presentation, there was also considerable phenotypic variation over the period of study; of the 13 changes of severity-class assignment, 12 occurred in children under the age of 15 and all but one from the mild to the severe classes (7) .
Blood samples for this study were obtained during routine hematological investigations carried out over 2-3 years. In the case of Epo analysis, in 86 cases, multiple estimations were carried out over the period of study; the remainder had a single estimation. Sixty-one of the patients were not receiving blood transfusions throughout the period of study, whereas the remainder were receiving occasional or regular transfusion. In the majority of the latter, Epo estimations were carried out during the period of observation before regular transfusion; none were performed within a month of transfusion. Malaria. This investigation was carried out on 279 children with malaria attending the pediatric ward of Madang Hospital on the north coast of Papua, New Guinea. Their ages ranged from 2.5 months to 13 years. The definition of severe malaria, based on World Health Organization (WHO) criteria, together with an analysis of the globin genes of these children, has been reported (11) . Coma was assessed by using the Blantyre Coma Score and was defined as a score of Յ2 in children with asexual stages of P. falciparum in the peripheral blood and no evidence of bacterial or viral meningoencephalitis. SMA was defined as a febrile illness with a Hb level of Ͻ5 g/dl and an asexual P. falciparum parasitemia. The median duration of illness before admission was 4 days.
Methods.
A venous blood sample was collected in EDTA and lithium heparin. Hematological data were obtained from the EDTA sample (Coulter MD8; Coulter Electronics, Luton, U.K.). For the malariological studies, thick and thin blood films were also prepared, stained with Giemsa, and examined for the presence of malarial parasites. P. falciparum density per microliter of whole blood was calculated by using the measured white cell count. Blood samples were centrifuged and the plasma removed and stored in 500-l aliquots at Ϫ20°C. Biochemical data were obtained by dry-slide chemistry (Ektachem; Eastman Kodak, Rochester, NY) in plasma obtained from the heparinized blood samples. An aliquot of each sample was shipped to Oxford on dry ice and stored at Ϫ70°C. Duplicate plasma Epo concentrations were measured by ELISA (Quantikine in vitro Diagnostics kit, R & D Systems, Abingdon, U.K.) in plasma obtained from the EDTA blood samples. For samples obtained for the thalassemia study, Hb analysis and Hb F (HbF) estimations were performed by cation-exchange HPLC (Variant Analyzer; Bio-Rad, Hercules, CA) by using the ␤-thalassemia short program. The further characterization of the ␤-thalassemia mutations in the Sri Lankan children with Hb E ␤-thalassemia by DNA analysis has been reported (6) . The level of Str was estimated by using an ELISA (R & D Systems).
Statistical Methods. Epo levels were log 10 transformed to normalize the Epo distribution. The effects of continuous variables on log 10 Epo were explored by univariate linear regression. The effect of age and Hb were analyzed by using multiple regression, adjusted for multiple sampling of each individual. For each cohort, individuals were divided into three age groups so that the effect of changes of Hb levels on Epo could be compared between them, and appropriate regression coefficients (slopes and intercepts) estimated. Because of low numbers and a possible nonlinearity in the relationship between Epo and Hb at normal Hb levels, results were reanalyzed excluding individuals with Hb Ͼ10 g/dl; however, no differences were observed. We thank Liz Rose for invaluable help in preparing this manuscript. This study was supported by the Wellcome Trust and Medical Research Council.
